The pathogenic fungus Ascosphaera apis is ubiquitous in honey bee populations. We used the draft genome assembly of this pathogen to search for polymorphic intergenic loci that could be used to differentiate haplotypes. Primers were developed for five such loci, and the species specificities were verified using DNA from nine closely related species. The sequence variation was compared among 12 A. apis isolates at each of these loci, and two additional loci, the internal transcribed spacer of the ribosomal RNA (ITS) and a variable part of the elongation factor 1a (Ef1a). The degree of variation was then compared among the different loci, and three were found to have the greatest detection power for identifying A. apis haplotypes. The described loci can help to resolve strain differences and population genetic structures, to elucidate host-pathogen interaction and to test evolutionary hypotheses for the world's most important pollinator: the honey bee and one of its most common pathogens.
Introduction
The parasite and pathogen pressure on honey bees is high because of both their eusocial lifestyle, which facilitates horizontal transfer between nest mates, and the close relatedness among nest mates. The fungus Ascosphaera apis is a common pathogen in honey bee colonies worldwide, causing chalkbrood disease (see Aronstein & Murray, 2010) . This pathogen affects honey bee larvae, which become infected upon ingestion of A. apis ascospores (Gilliam and Vandenberg, 1997) . Honey bee larvae have a closed hindgut during most of their development where ingested ascospores germinate, and subsequently the hyphae penetrate the gut wall, entering the hemocoel into an environment that is scarce of other microorganisms with which they might compete for the easily accessible nutrients. If the fungus overcomes the host's immune responses, the hyphae expand and will eventually kill and mummify the infected larva.
All members of the genus Ascosphaera live in association with social or solitary bees, some as saprophytes on larval debris, fecal matter, or pollen provisions. Several species have similar life histories and pathologies that are comparable to A. apis, but infect solitary bees instead of honey bees (Skou, 1972 (Skou, , 1988 Bissett, 1988; Anderson et al., 1998) . In addition to A. apis, Ascosphaera aggregata is also of economic importance, causing fatal infections in alfalfa leafcutting bees, especially when these bees are kept in dense populations for pollination service in alfalfa seed production systems (Pitts-Singer, 2008) .
A better understanding of the competitive interactions between A. apis strains and their bee hosts will aid disease control efforts (James, 2008) . However, first, we must be able to differentiate between different strains or haplotypes. The internal transcribed spacer (ITS) region of the nuclear ribosomal repeat unit is the locus most often used for molecular species identification and subgeneric phylogenetic inference within the fungal kingdom (Nilsson et al., 2008) . The ITS region has been used to study the genetic relationships of species within Ascosphaera (Anderson et al., 1998) and is also the locus used for development of species-specific primers (James & Skinner, 2005; Murray et al., 2005) . The intraspecific variability of the ITS region, however, seems to be limited, with no sequence difference between A. apis isolates (Anderson et al., 1998) . A lack of intraspecific variation in the ITS sequences were likewise found in A. aggregata, Ascosphaera acerosa, Ascosphaera duoformis, Ascosphaera flava, Ascosphaera larvis, Ascosphaera pollenicola, and Ascosphaera proliperda (Anderson et al., 1998) .
The complete genome of A. apis has been sequenced (Qin et al., 2006) , but little is known about the genetic diversity of this pathogen. Accordingly, we sought to identify some highly polymorphic intergenic loci utilizing the assembled fungal genome sequence and 12 A. apis isolates collected from honey bee colonies in Denmark and USA.
Materials and methods
Ten new Danish A. apis hyphal-tip isolates were established for this study from chalkbrood mummies from all over Denmark, kindly provided by Danish beekeepers (Table 1) . For the isolation, we modified the protocol of Reynaldi et al. (2003) . Mummies with and without spores were surface sterilized in 10% sodium hypochlorite for 10 min, rinsed twice in sterile distilled water for 2 min each, sliced into smaller pieces, placed on Sabouraud dextrose agar (SDA), and incubated at 34°C until mycelial growth was visible, usually within 2-4 days. Then we proceeded with hyphal-tip isolation. Under aseptic conditions using a dissecting microscope, a scalpel, and a minute needle, a hyphal tip was cut off a mycelium just after the first dichotomous branching, transferred to a new SDA plate, and incubated as above. Once new mycelia were observed, mating tests with the reference strains ARSEF 7405 and 7406 were performed. All the isolates were stored in 20% glycerol at À80°C (as described in Jensen et al., 2009a) .
Genomic DNA for A. apis was extracted from lyophilized hyphae using the DNeasy ® Plant Mini Kit (Qiagen) using the standard protocol. For all other Ascosphaera species, Ultra Clean Kits (MoBio Laboratories) were used as described in James & Skinner (2005 PCR products were electrophoretically separated on 1.5% agarose gels and visualized with EZvision One ® (Amresco). If the reaction produced a single amplicon, it was cleaned with the Illustra GFXTM PCR DNA and Gel Band Purification Kit (GE-Healthcare) and sent to Eurofins MWG Operon AG, Ebersberg, Germany, for sequencing with both forward and reverse primers.
Noncoding regions are usually more variable than coding regions, thus highly polymorphic DNA sequences were searched using scaffolds from the Baylor College of Medicine A. apis genome assembly (Aapis-01Jun2006-scaffolds; Qin et al., 2006) and BLASTN (Altschul et al., 1997) . Candidate loci were selected when a noncoding region of a size between 500 and 1000 bp was bracketed by two putative genes, as suggested by the BLASTN search ( Fig. 1 ). Primer pairs for five candidate loci (Table 2) were designed using Primer 3 (Rozen and Skaletsky, 2000) .
Specificity testing of the primers was conducted using a test panel of nine Ascosphaera species. Intraspecific sequence variation of the five scaffold loci was explored using 12 A. apis isolates, ten originating from infected honeybees collected throughout Denmark and two from North America (Table 1 ). In addition, the ITS of the ribosomal RNA repeat including ITS1 and ITS2, and 5.8S rDNA (ITS) and a variable part of the gene encoding the translation elongation factor 1a (EF1a) were sequenced, and the degree of polymorphism in these sequences was determined using the 12 A. apis isolates.
Sequences were edited and aligned manually using BIOEDIT (Hall, 1999) . The sequence alignments were subsequently analyzed with MEGA version 4 (Tamura et al., 2007) . The neighbor-joining method (with all positions containing gaps eliminated) was used for the construction of phylogenetic trees. The genetic distances were calculated using the maximum composite likelihood method (Tamura et al., 2004) . Branch supports were assessed by bootstrapping 1000 replicate data sets. First, each locus was analyzed separately to determine the number of haplotypes (equal to number branches) detected by each, and then a combined data set of all loci was used to determine the number of detectable haplotypes. resulted in multiple, faint bands or no product at all (Fig. 2) . Direct sequencing of A. atra and A. major was only possible when the Scaffold 1635 primers were used, and no intraspecific differences in sequence were seen between the two A. atra isolates; furthermore, the sequences of A. atra and A. major could not be aligned with each other nor with A. apis at this locus.
Intraspecific variation occurred among the 12 A. apis isolates at the five loci we tested. Differences occurred in the size of the amplified sequences, in substitution rates, and in the number of haplotypes that were identified ( Table 2) . Three of the loci, the one in Scaffold 1254 and the two in Scaffold 1608, had low substitution rates and only distinguished two haplotypes. The two haplotypes identified with these loci varied in a consistent fashion, with isolates KVL 07-086 and KVL 07-096 being similar to one another, but different from the rest of the isolates. The loci in Scaffolds 300 and 1635 had considerable variability and identified three and four different haplotypes, respectively. This variation was equivalent to what we found using a variable part of the EF1a gene, whereas no differences were found in the ITS sequences among the 12 A. apis isolates.
When all five intergenic loci and EF1a sequences were combined into one analysis, seven different haplotypes were identified among the 12 A. apis isolates (Fig. 3) . These seven haplotypes could also be distinguished from each other using a combined data set of the three most variable loci (Scaffold 300, Scaffold 1635 and EF1a), or in any combined data sets where these three loci were included.
Discussion
We describe five new polymorphic intergenic loci and a variable part of the gene encoding EF1a that can be used to differentiate haplotypes of A. apis. Sequence analysis using 12 A. apis isolates, ten originating from Denmark and two from North America, demonstrated a high level of intraspecific variation at these loci. We detected no differences in the sequences of the ITS region among our A. apis isolates, which is congruent with the result reported by Anderson et al. (1998) , who used 23 A. apis isolates with origins that were even more widespread than our samples. The genetic heterogeneity among our ten Danish and the two North American A. apis isolates was surprisingly high, and within this small sample size, seven different haplotypes were detected. All seven could be differentiated by combining the three most variable loci: EF1a, Scaffold 300, and Scaffold 1635. In a study conducted including 84 South American and two Japanese A. apis isolates, only five distinct types were found using a repetitive element PCR fingerprinting method with BOX, REP, and ERIC as random primers (Reynaldi et al., 2003) . This could reflect a founder effect because honey bees are not native to America. The first scarce introduction of honey bees to this continent took place during the 4th Colon trip in 1536 at Santo Domingo Island, and around a century later, a few colonies were introduced to South America, Uruguay and Brazil (Bierzychudek, 1979) . The differences in the observed heterogeneity between South American and Danish isolates could, however, also reflect that our method is more effective at identifying haplotypes.
Repetitive element DNA fingerprinting is a quick and cheap method, but the fragment patterns can be difficult to reproduce between laboratories (Deplano et al., 2000) . Furthermore, such fingerprinting methods cannot handle complex biomasses in a cultivable independent manner, but requires in vitro isolation of the target organism. Our method should be more repeatable because of high primer specificity and could be applied directly to DNA extracted from field samples of diseased larvae, and similarly, direct processing of field samples is also possible with the microsatellite primers recently developed for A. apis (Rehner & Evans, 2009 ). In addition DNA sequences of polymorphic loci produced in one study can easily be compared with those in another study, and as the loci are supposedly neutral, it allows hypothesis-based coalescent analysis.
Our PCR primers for the described loci can be used to identify various A. apis strains with differences in virulence and for a broader study of the population genetic structure of this worldwide honey bee pathogen. Variation in virulence among chalkbrood strains and (Jensen et al., 2009b; Vojvodic et al., 2011) , which is the backbone for a host-pathogen arms race because of opposing selection pressures. Enhanced infection rates favor pathogens, while increased resistance favors hosts. One hypothesis suggests that multiple mating of honey bees, which results in low nest mate relatedness, is driven by pathogen pressures over an evolutionary timeframe (Tarpy & Seeley, 2006; Seeley & Tarpy, 2007) . Ascosphaera apis may counteract honey bee diversity by maintenance of a high genetic variation as suggested by the variation documented in this study. 
